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ABSTRACT: Bending active gridshells are generated by deforming a flat timber grid towards a curved shell-like target shape. 
As a result of this deformation bending pre-stresses are developed during the forming of the structure. This is a condition 
virtually unique to this structural form. Additionally the forming process generates combined bending, torsion and axial stresses 
in curved members. Design rules for this complex condition are not yet included in current design standards. Various 
researchers have proposed limit state criteria for individual combined stress pairs. These are discussed in the light of EN 1995-1-
1:2005 and a possible integrated approach is suggested. Some outstanding testing needs are identified. The impact of the 
construction process on the design and modelling process is also discussed. 
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1 INTRODUCTION 
Gridshells are doubly curved structures, constructed from 
initially straight elements that resemble shell structures. Shell 
structures are inherently effective in their structural 
performance leading to high span to thickness ratios. They 
derive their strength and stiffness from their three dimensional 
geometry and curvature. Large open plan spaces can be 
created with a minimal amount of material. Gridshells 
represent a state of the art in structural timber engineering, 
which are difficult to engineer. There are two principle 
categories of gridshells, classified as bending active and 
bending inactive gridshells. The term bending active means 
that the structural elements have to bend considerably to give 
the structure its shape, a type of bending pre-stress [1]. 
Alternatively, bending inactive describes a structure whereby 
the structural elements do not need to bend to give the 
structure its shape. A typical bending inactive structure would 
be a truss, portal frame and a geodesic dome.  
 
The majority of bending inactive gridshells have been 
constructed from steel whereby the structure is comprised of 
numerous straight elements each inclined at a different angle 
to its adjacent element to give the structure its curved shape. 
Bending active gridshells on the other hand are not all that 
common, however a number of them have been constructed 
such as the Multihalle in Mannheim  [2], the Weald and 
Downland Museum [3], and the Savill Garden centre [4] 
(Figure 1). Notably, the majority of bending active gridshells 
are constructed from solid timber. 
 
 
Figure 1: Savill Garden Gridshell 
 
The design of bending inactive gridshells is not too complex 
as the members are straight and do need to deform to give the 
structure its shape. Therefore, the members transfer loads 
primarily through axial forces. In contrast, during the forming 
of bending active gridshells, the members undergo bending 
and twisting. This results in a combination of bending, axial 
and shear stresses being developed in the members. Current 
timber design codes do not account for these combinations of 
stresses.  
 
Large scale bending active gridshells are a relatively recent 
and uncommon building structure type. Current standards do 
not contain specific design guidance for bending active 
gridshells. This paper discusses gridshell design with 
reference to the current standards. Current design approaches 
to timber members are reviewed. The appropriateness of 
current approaches is discussed and suggestions appropriate 
for gridshells are outlined.  
 
Design procedures are required for both members and joints 
(crossover and boundary joints). A limit state approach to the 
design of gridshell members is described in section 2. 
Additional criteria are required for bending active gridshells. 
An approach to the design of gridshell joints is described in 
section 3. Proposals for experimental tests are made to fill the 
knowledge gaps for the design of gridshell members and 
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joints. A two stage approach required for the design of 
gridshells is discussed in section 4. Finally, implications of 
typical construction methods for the modelling process are 
discussed in 5. 
 
2 MEMBER DESIGN 
Members may fail due to excessive bending, shear or axial 
stresses or due to a combination of these stresses. A combined 
stress failure criterion is required. In section 2.1, the equations 
used to determine the design bending stresses of the laths are 
set out. Section 2.2 sets out the equations that determine the 
design shear stress. Section 2.3 sets out the equations that 
determine the design axial stresses. Limiting criteria for each 
of these stresses are also discussed. In addition, limiting 
criteria for some combined stress conditions are outlined in 
section 2.4. Finally, the modification factors for the design of 
timber members are discussed in section 2.5 with details on 
how they affect gridshells. The possible forces and moments 
acting on the ends of a single gridshell member are shown in 
Figure 2. 
 
  
Figure 2: Forces and moments acting on a gridshell element 
 
2.1 Bending 
The members of the gridshell may be subject to two bending 
moments, about the local x- and y-axes. A linear stress 
distribution is assumed through the section. According to 
Eurocode 5, the bending stresses should satisfy the following 
criteria: 
 
(1) 
 
 (2) 
  
Following Euler-Bernoulli beam bending theory, the design 
bending stress about the local x- and y-axes are: 
 
(3) 
 
(4) 
 
 
The profile of bending stresses with depth in curved beams 
(such as gridshell members) is not a straight line in 
accordance with Navier’s theory and Hooke’s law [5]. The 
maximum stress occurs at the inner fibre, σ1 (Figure 3). The 
equations presented here are derived for use in curved and 
tapered glulam beam design but can also be applied to curved 
gridshell elements. For design purposes, the maximum 
bending stress of a curved beam can be calculated 
approximately with simple bending theory by modifying the 
design bending stress equation with a shape factor kL. This 
shape factor depends on the ratio between the thickness of the 
section d and the radius of curvature R. 
 
Figure 3: Distribution of bending stresses in a curved beam 
 
The design bending stress in the apex zone of the curved beam 
can therefore be calculated in equation 5 and the correction 
factor kL is calculated in equation 6 [5]. 
 
(5) 
 
(6) 
 
 
The factors k1 to k4 for a prismatic curved beam are: 
k1 = 1 + 1.4 tanα + 5.4 tan2α = 1 
k2 = 0.35 – 8 tanα = 0.35 
k3 = 0.6 + 8.3 tanα – 7.8 tan2α = 0.6 
k4 = 6 tan2α = 0 
 
When hap << R, the influence of the curvature on the design 
bending strength becomes small, this is the case for bending 
active gridshells. Therefore, a linear stress distribution can be 
assumed. The design bending strength is obtained from 
equation 7: 
 
(7) 
 
In bending active gridshells, bending about both axes is 
common. According to Eurocode 5, a member subject to 
bending in two directions should satisfy the combined stress 
criteria given in equations 8 and 9. 
 
(8) 
 
(9) 
 
Where, km is a combined bending strength factor, for 
rectangular sections, σm,x,d is the design bending stress about 
the local x-axis, σm,y,d is the design bending stress about the 
local y-axis, fm,x,d is the design bending strength about the 
local x-axis, and fm,y,d is the design bending strength about the 
local y-axis. 
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2.2 Shear and Torsion 
Shear stresses are present in the gridshell members in the form 
of direct shear and torsion. Eurocode 5 provides no guidance 
for design torsional stresses. From linear elastic theory, the 
direct shear stress distribution through the cross section in 
accordance with elastic beam theory is parabolic with the 
maximum value at the neutral axis as shown in Figure 4a [5]. 
The torsional stress distribution through the cross section 
follows a membrane analogy [6]. The maximum torsion 
stresses occur in the middle of the edges of a member. For a 
rectangular section, these maximum stresses occur at the 
middle of the long edges as shown in Figure 4b. A member 
subject to simultaneous direct shear stress and torsion should 
satisfy the combined stress criteria given in equations 10 and 
11. 
 
 
 
Figure 4: Shear stress distribution, a) direct shear and b) 
torsion 
 
(10) 
 
(11) 
  
The design stress for direct shear [7] and torsion [6] are 
determined from equations 12 and 13 respectively.  
 
(12) 
  
(13) 
 
 
Where: 
τx/y,d is the design shear stress in the x and y directions 
τtor,d is the design torsion stress 
A is the shear area 
Fx/y,d is the design shear force 
Mz,d is the design torque about the local z-axis 
b and d are the section geometry (d≥b) 
 
In the context of gridshells, the direct shear force can occur in 
the local x-direction and the local y-direction of the member. 
The axial force will be in the local z-direction. Therefore, the 
shear force in each direction is calculated from the component 
of the global force Vd, acting parallel to the local x- and y-
axes. Similarly, the torsion is determined from the moment T 
about the local z-axis. The design shear strength is obtained 
from equation 14. This equation is used for verification of 
both direct shear and torsion failure conditions. 
 
(14) 
 
Combination of direct shear and torsion stresses can occur in 
gridshells. Möhler and Hemmer [8] have suggested the 
criterion given in equation 15. They highlighted a lack of 
torsion data and that the torsion design strength ftor,d is higher 
than the direct shear strength fv,d. Thus, fv,d is suggested which 
is more conservative where no torsion test data is available. 
 
(15) 
 
Where, τtor,d is the design torsion stress, ftor,d is the design 
torsion strength, τxy,d is the design shear stress, and fv,d is the 
design shear strength. 
 
2.3 Axial 
Both tension forces and compression forces can be present in 
gridshell members. Compression forces are the most common 
axial forces under normal loading conditions. However, 
multidomed gridshells have valleys where members may be in 
tension even under gravity loads. Uplift loads due to wind 
may also generate tension forces. These axial forces must 
satisfy the criterion given in equation 16. 
 
(16) 
 
Where, σt/c,0,d is the design tension or compression stress, and 
ft/c,0,d is the design tension or compression strength. The 
applied axial stress for both tension and compression is 
assumed to be uniformly distributed through the cross section 
[5]. The design axial stress is determined from equation 17. 
 
(17) 
 
The design axial strength is obtained from equation 18 for 
compression and equation 19 for tension. 
 
(18) 
 
(19) 
 
2.4 Combination of Stresses 
When a gridshell is formed into shape, the members are 
subjected to a combination of bending, shear and axial 
stresses. According to Eurocode 5, the limiting criteria for a 
combined bending and tension/compression stress condition 
are given in equations 20 and 21. 
 
(20) 
 
(21) 
 
A limiting criterion for combined stress conditions for 
gridshells should include the shear stresses. Toussaint [9] 
presented a criterion for the combination of bending, shear 
and axial stresses (equation 22). 
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Where: 
σm,d = σm,y,d + σm,z,d  
τv,d = τx,d + τy,d + τtor,d  
 
Toussaint claims this is a conservative criterion in the absence 
of test data. Further investigation has to be carried out in order 
to establish a failure criterion for combined bending, shear 
and axial stresses. 
 
2.5 Modification Factors 
According to the equations for design strength presented in 
the previous section a number of modification factors are 
applied to the characteristic material strength values for each 
failure mode. The suitability of these modification factors for 
use in bending active gridshells is now discussed: 
 
γm is the material partial safety factor and is suitable in 
its current state in Eurocode 5. 
 
km  is a factor to allow for the redistribution of bending 
stresses in a cross section. For rectangular sections, a 
value of 0.7 is used in Eurocode 5. The governing 
stress criterion presented in equation 22 is a limiting 
criterion for a combined stress condition. This 
formula is conservative given that no redistribution 
factors are accommodated. Along with km, further 
redistribution factors could be investigated for the 
other stresses.   
 
kh is a modification factor based on section depth and is 
applied to the bending and tension strength values of 
solid timber, glulam and LVL. A value of 1.3 is used 
for sections with a thickness less than 40mm, which 
would be typical for gridshell structures. However if 
test data relevant to the gridshell members is 
available, this should be used instead.  
 
ksys is a modification factor that affects all strength 
properties. It can be applied when several equally 
spaced, similar members, components or assemblies 
are connected in such a way that load can be 
transferred effectively between them. To apply this 
factor to gridshells would be unconservative and 
unsafe. This is because the analysis of gridshells 
fully accounts for all the connectivity of the system 
and there is no “hidden” load sharing mechanism to 
account for. 
 
kcrit is a modification factor that is applied to the bending 
strength of members subject to lateral torsional 
buckling. Given the typical aspect ratios for practical 
gridshell members, lateral torsional buckling is a 
remote possibility at most. 
 
kmod   is a strength modification factor for the effect of the 
duration of load and moisture content. The values 
quoted in Eurocode 5 are applicable to use here. The 
gridshell members are pre-stressed because of the 
forming process. The pre-stress is effectively a long-
term load while subsequent variable load is short 
term. Therefore, the pre-stress due to forming should 
be treated the same as the dead load. 
 
kc is an instability factor that is applied to nominally 
straight members in compression. This factor is not 
applicable to gridshell members, as these members 
are curved and their buckling behaviour must be 
accounted for in the computational model used. 
 
kdef is a deformation factor for the effect of the duration 
of load and moisture content. The values quoted in 
Eurocode 5 are applicable to use here. The gridshell 
members are pre-stressed because of the forming 
process. Similar to kmod, the pre-stress due to forming 
should be treated the same as the dead load. 
 
3 JOINT DESIGN 
This section makes proposals for the design of the gridshell 
joints. The crossover joint and the boundary joint are 
considered. The strength and stiffness of the joints will each 
need to be considered. The design strength of a joint can be 
established using the current standards and verified by 
experimental testing where test data is not provided. The 
design strength of joints in traditional timber structures are 
often governed by the spacing of the fasteners. Therefore, by 
increasing the design strength the design stiffness also tends to 
increase. The joint stiffness needs to be known to analyse the 
gridshell for design purposes. The joint stiffness can be 
determined experimentally. 
 
The load-deformation behaviour of each joint can be 
described by six degrees of freedom in a three dimensional 
coordinate system. In a crossover joint, only four distinct 
stiffnesses occur (Figure 5). The moment-rotation properties 
about the x-axis are identical to those about the z-axis. The 
load-displacement properties in the direction of the x-axis are 
identical to those in the direction of the z-axis. The load-
displacement properties in the direction of the y-axis are also 
required. However, during forming the moment rotation 
properties about the y-axis of the joint are assumed to behave 
as a pin. In the completed structure, it is assumed that no 
moment about the y-axis is transferred through the joint. In-
plane shear forces are transferred through the bracing. During 
form finding, rotation about the y-axis is permitted (zero 
stiffness is assumed) and a cylindrical joint model is used 
during this stage to allow scissoring of the laths. 
 
 
 
Figure 5: Crossover Joint 
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Boundary joints (supports) are assumed constrained against 
translation vertically (local y-axis). It has been established 
from modelling that only two of the other 5 degrees of 
freedom present at a boundary joint (support) significantly 
influence gridshell forces and deformations. These are the 
translation in the axial direction of the gridshell members (z-
axis) and the rotation about the local x-axis (Figure 6). This 
conclusion would need to be verified for horizontal load 
cases.  
 
 
Figure 6: Boundary Joint 
 
4 ANALYSIS AND DESIGN OF GRIDSHELLS 
The analysis of bending active gridshells is focused on 
predicting the geometry and stress levels that a particular 
material will take when bent towards a given shape along with 
the analysis of stress and deformation under subsequent in-
service loading. The dynamic relaxation technique was 
developed in 1965 by A.S. Day for the finite difference 
analysis of concrete pressure vessels. Day and Bunce [10] 
further developed this method for application to cable 
structures. The vector form of dynamic relaxation has become 
the most common. It is suited for non-linear structures such as 
gridshells. Brew and Brotton [11] developed this approach 
which separated the equations for equilibrium and motion and 
did not require the formulation of an overall stiffness matrix. 
 
Dynamic Relaxation is a systematic method for tracing the 
motion of a structure from the time of loading to when it 
reaches a position of equilibrium due to the effects of 
damping. The method of Dynamic Relaxation is utilised for 
static analysis as fictitious masses and moments of inertia are 
used to ensure stability and convergence [12]. A 
computational tool (MattGrid) for the analysis of bending 
active gridshells was developed by the authors using the 
dynamic relaxation method [13]. 
 
Just as the modelling and analysis process is split into two 
stages, stage 1 (form finding) and stage 2 (in-service loading), 
so should the design also be split into the same two stages as a 
limit state can occur during either stage. The form finding 
stage should be designed for ULS only, whereas the 
subsequent in-service loading stage (stage 2) should be 
designed for both ULS and SLS. SLS design would apply to 
the global deformation of the structure deflection limits for 
individual members might apply for various reasons.  
 
During stage 1 the material and section stiffness will dictate 
the geometry, from which the curvatures and hence the 
stresses are determined. The mean stiffness should be used for 
an accurate representation of the form and behaviour. 
Moreover, for a conservative design the design stresses should 
be determined using the 95th percentile stiffness. The 95th 
percentile values for stiffness are relevant to bending active 
gridshells, as a high stiffness will result in high stresses for a 
given curvature. For the design strength values, the 
characteristic (5th percentile) values should be used including 
the modification factors described in section 2. 
 
Similarly, during stage 2 the 95th percentile stiffness should be 
used for ultimate limit state design. In Eurocode 5, it states 
that the design stiffness is the mean stiffness divided by the 
partial factor for material stiffness. It is suggested here that 
this design stiffness is used when examining the SLS design 
of stage 2. 
 
5 PRACTICAL CONSIDERATIONS OF GRIDSHELLS 
This section is based on lessons learnt from developing a 
computer model (MattGrid) to predict the form and behaviour 
of experimental gridshells. There are practical considerations 
that are relevant to the modelling and analysis of gridshells. 
Stresses induced during the forming process will depend on 
the process used. Therefore the form finding stage of the 
modelling process (stage 1) must reflect the forming process 
actually used. The initial orientation of the flat grid also 
influences the level of stress induced during forming. 
Therefore, both the erection sequence and initial flat grid 
orientation should be taken account of in the modelling 
process.  
 
Continuous monitoring of the structure as it is being deformed 
is essential to ensure that the joints can freely rotate. Gridshell 
analysis tools typically model the joints with no eccentricities 
and do not account for locking of the joints due to friction. 
The measured coordinates of each joint must be continuously 
compared with its target location to ensure the structure is 
moving towards the target shape. In addition, a gradual 
uniform lifting process should be adopted. 
 
When the gridshell members have been joined to the boundary 
supports, the geometry may be close to the target shape. 
However, the temporary supports must then be removed and 
any further change in geometry should be monitored and 
compared with the deformation predicted for the same step in 
MattGrid. The computer model developed by the authors has 
been proven to be sufficiently accurate for all stages [13]. 
 
In addition to constant monitoring, the design of the joint 
itself is another critical component. For double layer braced 
gridshells, up to five members need to be connected at the 
joints. Larger clearance holes and slots assist these 
connections but can diminish the strength of the sections. An 
accurate prediction of geometry can facilitate prefabrication of 
elements. Alternatively, the erection sequence can be altered 
to install the members individually and not drill the holes until 
the members are temporally clamped in their final position 
[14] and [15]. MattGrid could model this kind of sequence 
with some rearrangement of the code. 
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 Due to the material, section and construction variations, 
members may not always arrive at the specified boundary 
joint locations. A method has been utilised that allows for the 
boundary locations to deviate from the designed location by 
the use of continuous perimeter beams [16] and [17]. This 
avoids forcing the ends towards an exact point, which could 
result in high local stresses (Figure 7).  
 
 
Figure 7: Gridshell laths bolted to plywood perimeter 
 
A lightweight structure and a loose assembly at the beginning 
of the forming are advantageous to the forming of the 
gridshells without the requirement for any mechanical lifting 
equipment. This type of structure is suited to a deployable 
structure whereby the structure itself as a whole can be 
reduced to linear foldup sections aiding to logistics. In this 
manner, large portions of a gridshell could be prefabricated 
off-site. A series of images in Figure 8 describes this concept. 
 
 
Figure 8: Deployability of gridshell sections 
  
6 CONCLUSIONS 
Gridshell members are subjected to a combination of stresses. 
A limiting criterion for combined stress conditions was 
presented. This limiting criterion is conservative as no 
redistribution modification factors have been included. A 
clear distinction has been made between the property 
requirements for modelling and design (both ULS and SLS). 
Additionally, the construction process has a significant role 
for the development of stresses in the structure. As a result, 
the exact construction sequence must be modelled and 
factored into the design for bending active gridshells. 
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